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We present evidence for Rydberg-Rydberg interaction in a gas of rubidium atoms above room
temperature. Rabi oscillations on the nanosecond timescale to different Rydberg states are investi-
gated in a vapor cell experiment. Analyzing the atomic time evolution and comparing to a dephasing
model we find a scaling with the Rydberg quantum number n that is consistent with van der Waals
interaction. Our results show that the interaction strength can be larger than the kinetic energy
scale (Doppler width) which is the requirement for realization of thermal quantum devices in the
GHz regime.
PACS numbers: 32.80.Ee, 34.20.Cf, 42.50.Gy, 03.67.Lx
Loosely bound electrons in highlying Rydberg states
are giving rise to long range dipolar and van der Waals
interactions [1, 2]. The coherent control of this interac-
tion allows for engineering of quantum correlated states
[3, 4]. In ultracold systems where an interaction strength
on the order of several MHz is sufficient, the van der
Waals interaction has lead to the observation of Rydberg
blockade [5, 6] and dephasing [7, 8]. In such systems the
interaction has been exploited for quantum logical oper-
ations [9, 10] and the creation of non-classical light states
[11]. So far the observation of this interaction has been
limited to the ultracold domain. In very early related ex-
periments density-dependent line broadening effects on
Rydberg lines have been studied [12] and interaction ef-
fects in thermal vapor involving excited but non Rydberg
states have been investigated [13, 14].
We present evidence for van der Waals-type inter-
atomic interaction energies in the GHz regime between
Rydberg-excited alkali atoms in thermal vapor. Using a
pulsed laser excitation, we are able to drive Rabi oscil-
lations on the nanosecond timescale to a Rydberg state
[16] and are therefore faster than the coherence time lim-
itation given by the Doppler width.
We investigate the dephasing of these oscillations for
different atomic densities and Rydberg states. For a fixed
Rydberg state, we see a linear growth of the dephasing
rate with density. Through a systematic study of vari-
ous Rydberg states we have found that the scaling of this
growth with the principal quantum number n is consis-
tent with van der Waals-interaction.
We excite 85Rb atoms to a Rydberg S-state with an
off-resonant two-photon excitation (Fig. 1a). The upper
transition is addressed by a pulsed laser in order to pro-
vide sufficient intensity for driving GHz Rabi oscillations
despite the small transition dipole matrix element. The
peak Rabi frequencies of the pulse on the 5P−nS transi-
tion are in the range of Ωblue/2pi ∼ 3.3 GHz to 3.7 GHz.
The 780 nm laser addressing the ground state (Ωred/2pi ∼
750 MHz) is blue detuned by ∆/2pi ∼ 2.3 GHz with re-
spect to the intermediate state [15]. In this configuration
a major part of the population oscillates directly between
the ground and Rydberg state. In particular this means
that changes in the absorption/emission of the 780 nm
light are mainly caused by these population transfers and
not due to excitation of the intermediate state.
A crude estimate of the associated effective two-photon
Rabi frequency is given by Ωeff/2pi ≈ ΩblueΩred/(2∆ ·
2pi) = 550 MHz. Therefore, the coherent dynamics is
faster than the dephasing due to atomic motion expressed
by the Doppler width of the two-photon transition of
< 370MHz for our experimental parameters. Neverthe-
less it has to be noted that the intermediate level cannot
be completely neglected as is done usually in cold atom
experiments, as the Rabi frequencies are comparable to
the detuning. We will therefore model the experiment
using three electronic states. The exact detuning for
the 480 nm pulse is set to the point of resonant (slow-
est) Rabi oscillation, which is determined by a detuning
scan (Fig. 1c). Note that the two-photon resonance expe-
riences a time-dependent Autler-Townes shift to smaller
frequencies due to the strong laser coupling.
The experimental setup is essentially the same as dis-
cussed in [16]. The two laser beams are overlapped in
a 5 mm vapor cell in almost counter-propagation con-
figuration (Fig. 1b). The Rabi oscillations during the
pulse translate to oscillations in the transmitted inten-
sity of the 780 nm laser which is subsequently recorded
by a fast photodetector. In order to prevent a washing-
out of the oscillations due to a distribution of different
Rabi frequencies, we use imaging systems before and af-
ter the cell to ensure detection from a homogeneously
illuminated region.
We have been investigating the density dependence
of the Rabi oscillations for densities Ng in the range of
1011 − 1013 cm−3 and for different Rydberg S-states. As
an example the data for n = 37 is shown in Fig. 2. Note
that the curves have been normalized as the original sig-
nal amplitude is approximately proportional to the den-
sity. We observe an increasing damping in the oscillations
with higher density which points towards a dephasing or
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Fig. 1. Schema of the experiment. (a) Relevant level scheme
and excitation wavelengths. We use a two-photon-excitation
scheme for addressing a Rydberg S-state via the D2-line. The
excitation is performed off-resonantly with a (blue) detuning
∆/2pi of ∼ 2.3 GHz with respect to the intermediate state. (b)
Optical setup. The two beams are overlapped in the vapor
cell in almost counter-propagation configuration. We are de-
tecting the transmission of the 780 nm laser in which the Rabi
oscillations manifest themselves during the excitation pulse.
(c) Oscillation signals of a detuning scan of the 480 nm laser.
We fix the frequency position for the analysis to the point of
slowest oscillation (dashed line).
loss mechanism of the Rydberg state.
Ionization and Rydberg-ground state collisions do not
give a significant contribution on the timescale of our
experiment [17]. Also incoherent plasma formation in
Rydberg gases has been reported to be on a time scale
of ∼ 100 ns or larger [18, 19] and can be neglected.
In order to exclude broadening effects on single atoms
like e.g. perturbation by electric or electromagnetic
fields or collisions with a background gas, we checked for
narrow EIT (electromagnetically induced transparency)
lines in a CW Rydberg-EIT experiment [20] with low-
power lasers. The observed line widths were less than
20 MHz. As the Rydberg population in such an EIT ex-
periment is very small (here < 0.1%), Rydberg-Rydberg
interactions are not expected to contribute significantly
to the broadening of the EIT line [21, 22]. Having ex-
cluded single atom effects, we conclude that the dephas-
ing can only be explained by an interatomic effect that
is proportional to the Rydberg population.
In order to quantify the damping behavior we employ
a single atom 3-level model for the coherent dynamics
[15]. Besides the measured pulse shape as an input, the
model includes two additional terms that describe a de-
phasing of the Rydberg state. A constant dephasing term
Γoffset accounts for an offset dephasing that occurs in our
data. This dephasing varies with the alignment of our
pulse amplifier setup which has to be changed for differ-
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Fig. 2. Rabi oscillations for different atomic densities. Os-
cillations in the transmission of the 780 nm laser for different
atomic densities are shown here for the Rydberg state 37S.
The numbers on the right-hand side give the atomic ground
state density in 1012 cm−3. The experimental data (black
line) is averaged over 20 shots and normalized in amplitude.
A curve derived from a 3-level-atom model (red line) is fitted
to the data. The only fit parameters are the dephasing rate of
the Rydberg state and the signal amplitude. The gray-shaded
curve in the background depicts the measured temporal shape
of the excitation pulse intensity.
ent principle quantum numbers. However for a series of
measurements at a particular principle quantum number
it is constant. We attribute it - besides atomic motion - to
phase noise and imperfections in the spatial homogeneity
of the pulse. For the model Γoffset is chosen such that it
accounts for all remaining dephasing when extrapolating
to zero atomic density. It is on the order of few hundred
MHz. The density-dependent part of the dephasing is
described by a term ρ33 · Γρ33 that is proportional to the
Rydberg population ρ33.
The dephasing rates Γρ33 are extracted from the exper-
imental data by fitting curves obtained from this model
(Fig. 2, red lines). The only fit parameters are Γρ33 and
the signal amplitude. For each Rydberg state we find a
linear increase in the dephasing rate with atomic density
Ng (Fig. 3a). The corresponding slope is strongly increas-
ing with the principal quantum number of the Rydberg
state. Note that the dephasing model only fits well to
experimental signals below a certain density (depending
on the Rydberg state). For higher densities the model
does not accurately describe the data anymore such that
it is not possible to extract values for dephasing rates.
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Fig. 3. Dephasing parameters vs. density. (a) The dephas-
ing parameter of the Rydberg state Γρ33 corresponding to
the Rydberg-Rydberg interaction is shown as a function of
the atomic ground state density Ng. For each Rydberg state
the data is fitted by a linear curve. (b) When scaling the
density-axis with the critical density Ncrit all data points col-
lapse onto a single line. Ncrit is determined by the van der
Waals-blockade radius for each Rydberg state individually.
The dashed line is a linear fit to all data points.
Whether these effects are due to collective many-body
behavior is subject to further study. The 22S-state shows
no increase in the dephasing rate within the margins of
error which confirms that our offset dephasing is indeed
constant during one series of measurements.
In order to obtain a unified behavior we define a criti-
cal density Ncrit that corresponds to the interatomic dis-
tance at which the van der Waals-shift matches the ex-
citation bandwidth Ωeff , which is kept constant for all
experiments:
h¯Ωeff ≡ C6
rcrit6
≡ C6 ·Ncrit2.
Rescaling the atomic density in units of Ncrit for each
principal quantum number, we find that all dephasing
values collapse onto a single line (Fig. 3b).
The van der Waals-shift is expected to behave like
C6
r6
∝ n∗11 ·Ng2,
where n∗ = n − δS is the effective principal quantum
number accounting for the quantum defect δS ≈ 3.13 [23].
Accordingly the critical density scales as Ncrit ∝ n∗−11/2.
29 32 35 37 40
10
2
10
3
n
∂
Γ
ρ
3
3
∂
N
g
⋅
N
c
ri
t
(M
H
z
)
29 32 35 37 40
0
200
600
1000
n
*
- S - S - S - S - S
∂
Γ
ρ
3
3
∂
N
g
M
H
z
1
2
c
m
-3
1
0(
)
/2
π
/2
π
n fitp
C
3
scaling
*
Fig. 4. Slope of the dephasing vs. principal quantum number.
Double-logarithmic plot of the dephasing slopes ∂Γρ33/∂Ng
vs. the effective principal quantum number n∗. The fit of
a power law ∝ n∗p yields an exponent of p = 5.58 ± 0.48
(solid line). This is in excellent agreement with an n∗11/2
van der Waals scaling. Fitting an n∗4 scaling curve to the
data (dashed line), it can be seen that resonant dipole-dipole
interaction is not consistent with the data. The inset shows
the dephasing at the van der Waals critical density. For Ng =
Ncrit all examined Rydberg states show the same dephasing.
We therefore would expect the slopes of the dephasing
rates to behave like ∂Γρ33/∂Ng ∝ n∗11/2. Fitting a power
law ∝ n∗p to the slopes for the different effective principal
quantum numbers (Fig. 4), we obtain an exponent of
p = 5.58±0.48 in excellent agreement with van der Waals
scaling.
At the interatomic distances of ∼ 1µm present in the
experiment the interaction potentials of different pair
states can potentially be within the excitation bandwidth
[24]. Hence, the perturbative limit which is van der Waals
interaction might not necessarily be valid. If a second
pair state (e.g. n′Pn′′P) with an allowed dipole tran-
sition to the respective nSnS state is within the excita-
tion bandwidth, the interaction energy will also include a
C3/r
3 term and thus exhibit n∗4-scaling [25]. This scal-
ing, however, clearly lies outside the margins of error of
the fit and can thus be ruled out. Therefore, we conclude
that for the nSnS states examined the van der Waals de-
scription remains valid for interparticle distances down
to at least 1µm.
Looking again at the dephasing rates at the van der
Waals critical density, we can see that all Rydberg states
dephase with the same rate of ∼ 800 MHz · ρ33 (Fig. 4,
inset). Note that the definition of Ncrit contains a some-
what arbitrary constant factor which has, however, no
influence on the n-scaling. Therefore, the value at Ncrit
is reflecting only the order of magnitude of the interaction
energy at the blockaded density.
At higher densities (Ng ≈ 2Ncrit) we have measured
dephasing rates of up to ∼ 2 GHz (for fully excited
Rydberg atoms). This value clearly lies outside of the
Doppler width of the sample. This shows that the un-
derlying van der Waals interaction strength can be large
4enough to support a blockade effect in a thermal gas.
In summary we have found evidence of Rydberg-
Rydberg interaction in the coherent evolution of atoms
in thermal vapor. With a systematic study of the scaling
for different Rydberg quantum numbers we could identify
the interaction to be of van der Waals type. We have seen
that the strength of the observed van der Waals interac-
tion can be larger than the Doppler width. This is the
basic requirement for the observations of a blockade effect
and coherent collective behavior in a thermal ensemble.
Hence these results suggest room temperature alkali va-
pors as promising candidates for quantum devices. For
the direct observation of a blockade effect further studies
in a small spatial volume on the order of the interaction
range [26] will be necessary.
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5SUPPLEMENTAL MATERIAL
Experimental details.
The ground state laser at 780 nm is blue detuned by
∼ 2.3 GHz with respect to the center of gravity of the
5P3/2 state. This is achieved by locking the laser onto
a line of the neighboring 87Rb isotope (5S1/2, F = 1 →
5P3/2) transition. The 480 nm laser pulse driving the
upper transition is created with a seeded dye amplifier
setup in 4-pass configuration similar to the one described
in [27]. The transmitted light at 780 nm is detected with
an AC-coupled avalanche photo diode with a lower cutoff
at ∼ 1 MHz. This means only fast changes in the signal
are detected. The beam diameters at the position of the
cell are blue = 185 µm and red = 220 µm. Further
details about the optical setup can be found in previous
work [16].
A reservoir containing a droplet of rubidium is at-
tached to the 5 mm vapor cell and can be temperature-
controlled. The atomic vapor density inside the cell can
be adjusted by changing this temperature. The cell itself
is placed in an oven and kept at a constant temperature
of T ∼ 130◦C in order to prevent condensation of atoms
on the glass surface. The exact atomic density in the
cell is determined by absorption measurements.
3-level model.
As shown in previous work [16], we model the time evo-
lution of our system with a single atom three-level system
with a density matrix approach using the Liouville-von
Neumann equation [28]
∂ρˆ
∂t
= − i
h¯
[
Hˆ, ρˆ
]
+ Lˆ (ρˆ) + Lˆdeph (ρˆ) .
Hˆ is the Hamiltonian containing the light couplings and
Lˆ (ρˆ) contains the decays of the levels due to natural
linewidths. In order to account for the observed changes
in the signal with increasing density we have introduced
an additional dephasing of the Rydberg state of the form
Lˆdeph (ρˆ) = (Γρ33ρ33 + Γoffset)
 0 0 − 12ρ130 0 − 12ρ23− 12ρ31 − 12ρ32 0
 .
The dephasing term Γρ33ρ33 is proportional to the Ryd-
berg population and thus describes Rydberg-Rydberg
interaction. Γoffset accounts for a constant offset dephas-
ing that we attribute to experimental imperfections.
The dephasings only act on the coherences of the density
matrix such that no population transfer is induced
by them. For the calculations we have neglected the
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Fig. 5. Model for the dephasing behavior. Each atom experi-
ences a level shift given by the van der Waals interaction po-
tential (black curve). The distance distribution of the atoms
is shown in the bottom part for a density of N = 0.25Ncrit
(blue line) and N = 0.5Ncrit (red dashed line). According to
the 1/r6-potential this translates to a distribution of Rydberg
level shifts shown on the upper left part (blue and dashed red
curves, respectively). The excitation bandwidth (gray-shaded
curve), which is mainly determined by the effective Rabi fre-
quency Ω, gives a feeling for which level shifts contribute to
the signal. The critical density is defined such that the van der
Waals shift at the corresponding mean distance rcrit matches
the excitation bandwidth (black dashed lines).
velocity distribution of the atoms as the dynamics is
dominated by the laser detunings (∆Doppler  ∆Laser).
We have verified that the results with and without
Doppler distribution differ by less than ∼ 5%. The
time dependence of the blue Rabi frequency Ωblue was
extracted from the real temporal envelope of the laser
pulse. A digital frequency filter was applied to the
results to mimic the finite bandwidth (∼ 1GHz) of our
detector.
Dephasing mechanism.
In order to understand the dephasing mechanism more
quantitatively we developed the following simple model.
The model is based on an ensemble of atoms, in which
the time-evolution of each atom is described by single-
atom dynamics only. The Rydberg state of each atom
6experiences a van der Waals shift given by the distance
to its nearest neighbor (Fig. 5). The distribution of inter-
atomic distances in a thermal vapor is then mapped to a
distribution of interaction strengths. Assuming a nearest
neighbor distribution of w(r) = 4pir2N exp
(− 4pi3 r3N) for
a certain atomic density N , we calculate the Rabi oscilla-
tions in the signal for each level shift and average then ac-
cording to the distribution of interaction strengths. The
resulting signal is evaluated in the same way as the exper-
imental data by fitting curves from the dephasing model.
The model reproduces the linear density dependence of
the dephasing rates for densities N up to ∼ 0.5Ncrit
(Fig. 5, inset). The assumption in the model is that each
atom experiences the full shift of the interaction which
implies that each nearest neighbor is fully excited to the
Rydberg state. In the real experiment, however, only an
average Rydberg population of ρ33 ∼ 20% − 25% (aver-
aged over time) is achieved. This is consistent with the
experimental data points ranging until Ng ∼ 2Ncrit. Also
the magnitude of the dephasing rate is in good agreement
with the experimental results.
Furthermore it becomes clear that there is a direct con-
nection between the excitation bandwidth and the de-
phasing rate as only atoms whose shifts lie within the
bandwidth can contribute to the signal. The single atom
dynamics in the model is justified as long as the frac-
tion of blockaded atoms is small enough as they do not
contribute to the signal then. For a significant number
of blockaded atoms, however, collective dynamics is ex-
pected to appear [6] and the model breaks down.
